The HIV proviral genome contains two copies of a 16 bp homopurine.homopyrlmidlne sequence which overlaps the recognition and cleavage site of the Dra I restriction enzyme. Psoralen was attached to the 16-mer homopyrimldlne oligonucleotide, d
INTRODUCTION
Homopyrimidine oligonucleotides bind to the major groove of duplex DNA at homopurine.homopyrimidine sequences, forming triple helical structures. They may be used to bring a reactive group to these specific sites in close proximity to the DNA base pairs. Psoralen has been previously attached to oligonucleotides targeted to single-stranded nucleic acid sequences (1) (2) (3) (4) (5) . These psoralen-substituted oligonucleotides could be photo-cross-linked to a single-stranded target. Psoralens are bifunctionnal photoreagents which form covalent bonds with pyrimidine bases of nucleic acids (5, 6) . When the psoralen intercalates at 5 TpA 3 ' steps in the DNA double helix it can form a cross-link between the two strands of DNA. Recent work has shown that an 11-base homopyrimidine oligonucleotide covalently linked to a psoralen derivative via its C-5 position results in photo-induced crosslinking of the two strands of a 32 bp-long DNA fragment via triple-helix formation (7) . Such a cross-link is expected to block replication and transcription by preventing opening of the double helix.
In this work we show that a psoralen moiety attached to a triplehelix-forming oligonucleotide intercalates at the duplex-triplex junction, improving oligonucleotide binding to the major groove and bringing the photoreactive agent into an appropriate position for photo-induced cross-linking of the two DNA strands. We have used plasmids containing part of the HTV proviral DNA to demonstrate the possibility of using such psoralen derivatives to photo-induce an irreversible cross-link at a specific sequence.
MATERIALS AND METHODS

Oligonucleotides and plasmids
The two complementary 29-mer oligodeoxynucleotides used in this study were synthesized on a Pharmacia automatic synthesizer. They were purified by reverse phase chromatography and gel electrophoresis. The unmodified homopyrimidine triple helixforming oligonucleotide (16-mer TC) (see sequence on figure 1) and the 16-mer "FXHG containing T, C and G (see sequence on figure 8) were obtained from the Pasteur Institute. Cytosine was also replaced by 5-methylcytosine (""C) in some of the oligonucleotides. Psoralen-substituted oligonucleotides (Pso-16-mer TC and Pso-16-mer T^CG) were synthesized by reacting 5-(«-iodohexyloxy) psoralen with a 16-mer carrying a 5'-thiophosphate group as previously described (7) (figure 1).
Two plasmids, pBT, and pLTR (a gift from Dr H. Hirel, Rh6ne-Poulenc-Rorer), were used in these experiments. They were constructed by insertion of HIVBRUCG proviral fragments into pUC19 and pBR328, respectively, using standard procedures. The pLTR plasmid contained 1440bp of the proviral HIV DNA with one 16-bp homopurine.homopyrimidine sequence overlapping a Dra I cleavage site. The pBTl plasmid contained 8941 bp of HTV DNA with two copies of the 16-bp sequence.
The restriction enzyme Dra I was purchased from Boehringer. Enzymatic assays were performed at 25°C in a pH6.9 buffer containing 10 mM tris-HCl, 10 mM MgCl 2 , 50 mM NaCl, 1 mM DTT and 0.5 mM spermine. After incubation, the enzymatic reaction was stopped by adding EDTA (25 mM). The pLTR plasmid contained 4 Dra I cleavage sites (TTTAAA) one of which overlapped three base pairs of the triple helix target site. The pBTl plasmid contained 14 Dra I cleavage sites, two of which overlapped the triple helix target site. The observed protection from Dra I cleavage by triplex-forming oligonucleotides allowed us to study the specificity of interaction between Pso-16-mers and the double-stranded DNA target. After incubation at the indicated temperature (25°C or 30°C), samples were analyzed by gel electrophoresis with horizontal slab gels (1.3% agarose). Densitometric analysis of photographic negatives of the gels CCACTTTTT ,. AAl AAAAGAAAAGGGGGGA TTTTCTTTTCCCCCCT stained with ethidium bromide were performed. Every quantitative analysis presented in this work assumed that fluorescence was proportional to the length of the DNA fragments; all densitometric data were subject to approximately 10 percent random deviation.
Irradiation conditions of the Pso-16-mers
Pso-16-mer TC oligonucleotide was tested on three targets in the same buffer that was used for Dra I cleavage as described above: the circular or EcoR I-linearized pLTR plasmid and the Apa Ilinearized pBTl plasmid.
A xenon lamp (150W) in a Cunow housing system was used (  5 TCTCTCTCTCTCTCTT  3 ) and a Pso-13-mer (Pso- 5 'CTTTTTCCTTCTC 3 ') were used as controls at 10 /tM concentrations and no inhibition of Dra I cleavage was observed in these cases.
Inhibition of Dra I cleavage ofthepBTl plasmid. The Pso-16-mer TC was targeted to the pBTl plasmid. which contains two copies of the 16-bp-long homopurine.homopyrimidine sequence. The restriction enzyme Dra I has 14 cleavage sites on mis plasmid (figure 4A). For the plasmid linearized at the Apa I site (position 1336), the cleavage reaction products have lengths of 1822, 1819, 1683, 1397, 1043, 818, 692, 654, 571, 450, 250, 217, 129, % and 19 bp. On a non-denaturing 1.3% agarose gel, fragments longer than 500 bp were easily vizualized (figure 4B). The presence and the length of the shorter fragments were verified on a 2% agarose gel (results not shown).
Assays for cleavage protection by the Pso-16-mer TC were performed under the conditions described above for the pLTR plasmid. Inhibition of Dra I cleavage by the triple helix-forming oligopyrimidine (see figure 4A ) at position 4149 should lead to the disappearance of the 1822 and 250 bp fragments, and the appearance of a longer fragment of 1822 + 250 = 2072 bp. protection by Pso-16-mer TC bound to the second triple helix site (position 8444), and a 1819 + 1397 = 3216 bp fragment should be observed in their place. The two fragments of 2072 and 3216 bp whose detection would demonstrate the specificity of the observed cleavage inhibition are both longer than those generated by Dra I cleavage of pBTl in the absence of the oligonudeotide (all smaller than 1822 bp).
To test the efficacy of the Pso-16-mer TC on the Apa Ilinearized pBTl plasmid, increasing concentrations of Pso-16-mer TC were incubated and irradiated in the presence of the plasmid in standard Dra I cleavage buffer (see Materials and Methods). The above predictions were confirmed when low concentrations (<, 1 /iM) of Pso-16-mer TC were irradiated in the presence of the pBTl plasmid prior to Dra I cleavage. Two new bands were observed on the resulting gels corresponding to DNA fragments with the expected lengths of 2072 and 3216 bp (figure 4B, lane 2' + ').
At high concentrations of Pso-16-mer TC (5 /xM), a new phenomenon was observed ( figure 4B, lane 1 +) fragments disappeared as expected if cleavage was inhibited at position 8444 to generate the 3216 bp fragment. The 1822 bp fragment disappeared, but so did the 818 bp fragment. As depicted in figure 4A , this result might be explained if Pso-16-mer TC had been cross-linked not only at the expected triplex sites at positions 8444 and 4149 but also at position 3899. If this were the case, a fragment should be observed with length 1822+250+818 = 2890 bp, as experimentally observed (figure 4B), rather than the 1822+250 = 2072 bp fragment expected if cleavage inhibition had occurred only at the specific site at position 4149. Figure 5 shows the sequences of the 14 Dra I cleavage sites. The two sites at 4149 and 8444 have the appropriate sequence to form 16 base triplets with the Pso-16-mer TC. The Dra I cleavage site at position 3899 can form only 8 contiguous triplets with Pso-16-mer TC, with Pso intercalated at the 5 ' TpA y sequence where it can be photo-cross-linked. The others sites can form less than 5 base triplets. At short irradiation times or at low oligonucleotide concentrations only the two specific sites formed the cross-link. In figure 6 , an experiment is shown in which Pso-16-mer TC was incubated and irradiated for increasing periods of time at 30°C. The concentration of Pso-16-mer TC (4.5 /iM) was chosen so as to ensure a total inhibition of the three triple helix sites under our standard experimental conditions for long irradiation times. Figure 6 clearly shows the formation and disapearance of the 2072 bp fragment and the appearance of the 2890 bp fragment with increasing irradiation times. We obtained 50% inhibition of cleavage at the 16 bp-long triple helix site at position 8444 with an irradiation time of around 10 seconds, whereas 40s were necessary for an equivalent level of cleavage protection at the 8 bp long triple helix site at position 3899.
To analyse more precisely the photo-induced reaction at the different sites, we used two synthetic DNA fragments, 23 and 29 bp, containing the homopurine.homopyrimidine target homopyrimidine oligonucleotide are not expected to contribute substantially to the stability of the triplexes at neutral pH. Consequently, triplex stability is due for the most part to the thymine-rich portion (T 4 CT 4 ) of the oligonucleotide.
The secondary site observed on the pBTl plasmid (see figure  5 for the sequences) has a 5 TpA 3 ' sequence at the duplex-triplex junction where psoralen cross-linking can take place. One of the important parameters determining the formation of this crosslink is the lifetime of the triplex structure compared to the time needed for an excited psoralen to react with a thymine. If the first photochemical reaction involves the first excited singlet state of psoralen the reaction might take place in the nanosecond time range. If structural rearrangements are necessary to bring the reactive bonds in the appropriate orientation and distance and/or if the reaction occurs from the psoralen triplet state, cyclobutane ring formation might occur in the microsecond time range (11) . Therefore, the photochemical reaction can 'trap' rather shortlived complexes provided irradiation takes place over a sufficiently long time period. From a comparison of the sequences that are cleaved by Dra I (figure 5), it can be concluded that five contiguous triplets are not sufficient (no cross-linking was observed at sites 1119, 9841 or 10552), while eight triplets are sufficient for photo-induced cross-linking (site 3899) to take place. In addition, the cross-linking requires that a 5 TpA 3 ' sequence is present at the triplex-duplex junction.
Replacement of the six contiguous cytosines in the 16-nt oligonucleotide by six guanines results in the formation of a stable triple helix. The difference in stability increased when the pH was raised,since guanines (in contrast to cytosines) do not need to be protonated in order to form base triplets with C.G Watson-Crick base pairs (9) . The 16-mer T^CG, covalently linked to psoralen at its 5'-end, formed cross-linked products with only the two specific homopurine.homopyrimidine target sequences on the pBTl plasmid. The secondary site observed with the 16-mer TC did not exhibit any reaction with the 16-mer T^CG. A comparison of the reactivity under the same experimental conditions (see figure 8 ) revealed that the presence of guanines in the 16-nt oligomer not only stabilized the complexes with the 16-bp sites but apparently destabilized its complex with the secondary binding site. This observation might have several origins: 0 the 16-nt homopyrimidine oligonucleotide may form hydrogen bonds with bases outside the triplex forming region of the secondary target site (i.e., among the 8 base pairs on its 3'-side), ii) the presence of the six guanine residues in the 16-mer "FKHG may introduce repulsive forces within this same region, iii) the presence of a stretch of six guanines in the 16-mer I^CG leads to the formation of multimeric species, such as four-stranded helices which has been observed in other G-rich oligonucleotides (12) . Gel electrophoresis of oligonucleotides containing six contiguous guanines have revealed the formation of tetraplex structures where guanines are protected from methylation by dimethylsulfate (unpublished results). Tetraplex formation results in a lower concentration of free oligonucleotide available for triple helix formation with the target Watson-Crick sequence. Formation of this type of structure might explain the absence of photochemical reaction of the 16-mer "PHZG with the secondary site. It should be noted that lowering the concentration of 16-mer TC also reduced the extent of cross-linking at the secondary site more than at the fully-matched sites. Due to the increased affinity of the 16-mer TKTG for the 16-bp homopurine.homopyrimidine sequence, and possibly the reduced affinity for the secondary binding site which can form only eight base triplets, the psoralen-subsituted 16-mer T^CG was crosslinked selectively to the two specific target sites on the pBTl plasmid.
The results presented in this paper demonstrate that it is possible to design oligonucleotide-psoralen conjugates that promote photoinduced cross-Unking of the two DNA strands at specific target sequences on the HTV proviral genome. The 16-bp sequence that we have chosen as a target is not present in the available sequence of the human genome. Therefore it might be possible to induce specific cross-linking of the HIV genome inserted within the DNA of infected cells without any effect on the host genome. Such a reaction might be of interest as a new approach to treat HTVinfected cells and induce specific and irreversible damage in the proviral genetic information.
